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Development of a High-Precision Calorimeter for
Measuring Power Loss in Electrical Machines
Wenping Cao,Member, IEEE, Keith J. Bradley, Associate Member, IEEE, and Azzeddine Ferrah,Member, IEEE
Abstract—This paper is concerned with the development of
a high-precision 30-kW (40-hp) calorimeter and is specifically
focused on how experimental errors resulting from calorimeter
design and operating procedures are eliminated or mitigated. A
complete calibration for the calorimetric system using a dc heater
is conducted, and two induction motors rated at 5.5 and 30 kW
(7 and 40 hp, respectively) are carefully tested both within and
outside of the calorimeter. Loss segregation is in accordance with
the IEEE 112 method B. Experimental results for the comparison
of calorimetric and input–output methods clearly confirm the
effectiveness of the calorimeter in terms of accurate power loss
measurement. The accuracy of the calorimeter is approximately
5.6 W in the measurement of power loss of up to 4.5 kW with a
resolution of 0.1 W.
Index Terms—Calorimetry, heat run test, heat transfer, induc-
tion motor, loss measurement, power loss.
I. INTRODUCTION
THE DRIVE for energy efficiency has spurred a growingnumber of studies on the efficiency improvement of ma-
chine drive systems. Advances have been made in theoretical
analysis [1], [2] and numerical simulation [3], [4], but experi-
mental verification has proved to be challenging.
The conventional input–output method [5] for determining
losses and efficiency is effective, but the measurement of total
loss becomes increasingly difficult as machine efficiency or
rating increases. The back-to-back method [6] requires two
identical machines being mechanically coupled together and
forming as a generator–motor set, which may not readily be
available. As a result, the need for high-precision techniques of
measuring the machine losses is long standing.
In principle, calorimetry is geared toward these requirements.
This technique provides a direct measurement of the total loss
in electrical machines, removing the necessity of subtracting
two similar magnitude input and output power losses. It suf-
fers neither from instrumentation phase shift nor time delay
errors [7]. Consequently, it is suitable for measuring electrical
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machines with any efficiency and power rating under any
excitation and supply conditions. Due to these inherent features,
calorimetry can potentially achieve a very high level of mea-
surement accuracy and is thus gaining in popularity in testing
electrical machines and power electronic devices [8]–[19].
However, the calorimetric approach is not without experi-
mental problems. Its major difficulties are found in the mea-
surement of fluid properties [9], prevention of heat leakage [18],
and maintenance of repeatable testing conditions [15]. In this
paper, the development of a 30-kW calorimeter is described,
and these drawbacks are tackled to obtain reliable results over
a relatively long operating time.
II. PRINCIPLE OF CALORIMETER
The underlying principle of calorimetry is to measure the
effect of losses in a stable heat source (e.g., an electrical
machine). This is achieved by placing the test object in an
enclosed thermally insulated container (i.e., calorimeter) and
arranging a cooling fluid to pass through the calorimeter to
exhaust the heat generated by the test object. This force-flowed
coolant fluid can be either gas or liquid.
When thermal equilibrium is attained, the heat loss extracted
from the enclosure is exactly balanced by the power loss
released by the test object. This power loss in steady state can
be expressed by
Ploss = ρ× v × (Cpout × Tout − Cpin × Tin) (1)
where Ploss is the power loss (in watts), ρ is the coolant density
(in kilograms per cubic meter), v is the volumetric flow rate (in
cubic meters per second), Cpin and Cpout are the specific heats
at the entry and exit (in joules per kilogram degree Celsius),
and Tin and Tout are the temperatures at the entry and exit
(in degrees Celsius).
III. MEASUREMENT ERROR AND ANALYSES
Previously, a balanced-type calorimeter was developed by
the authors and described in [14]. This calorimeter was capable
of measuring power loss of up to 3 kW with an overall accuracy
of approximately 0.5%. Nonetheless, the experimental difficul-
ties encountered were associated with varying fluid properties,
heat leakage, and repeatability of the calorimeter. In addition,
the length of time that the tests took was considerable since the
motor test was followed by a heater run, with each taking at
least 4 h for a load test point. It is very likely that atmospheric
conditions fluctuate over this period of time, giving rise to
measurement error between the two consecutive tests. This is
0018-9456/$25.00 © 2008 IEEE
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an inherent flaw in the balanced calorimeter, which assumes
that the two conditions remain unchanged [9], [14].
The lessons for developing the 30-kW calorimeter have been
learned, and these difficulties have carefully been dealt with in
the improved design.
A. Measurement of Fluid Properties
Both calorimeters use air as the coolant because of its
convenience and low cost. There is apparently no need for a
heat exchanger inside the calorimeter to boost heat transfer,
as in a liquid-cooled calorimeter. In the event of fluid leakage,
air causes neither environmental hazards nor damage to the
laboratory equipment. Using a conditioning system, air can
readily be cooled down to a controlled level prior to its supply
to the calorimeter. This way, the machine is not operated
at excessively high temperatures, as is the case in some
calorimeters [16].
To reduce the duration of calorimetric tests, the new design
is of direct-type calorimeter [20]. As such a consequence, an
accurate determination of fluid properties becomes vital to
power calculation. However, this is far from easy to achieve,
particularly in the case of using gas (air) as the coolant fluid. In
practice, most flow-measuring devices for air measure volume
flow rather than mass flow. The density of air changes with
temperature and pressure. Atmospheric air also has a varying
water vapor content that significantly impacts the specific heat
of the mixture. Without a doubt, the use of high-precision
instruments can reduce the measurement errors in humidity,
pressure, and flow rate to a satisfactory level.
Clearly, the balanced calorimeter or the series calorimeter
[15] can remove the need for measuring fluid properties and
associated measurement errors. They need to employ a resistive
heater to replicate the load test and to operate along with the
machine in the sequence of time (balanced) or space (series).
Again, there is no guarantee that consecutive tests would be
conducted under exactly the same conditions over a relatively
long period of time.
B. Temperature Measurement
However, it is always a problem to measure the mean air
temperature with sufficient precision. Ideally, the temperature
of the fluid measured at the inlet and outlet ports should be
single valued. In the real world, there would be temperature
gradients present across the inlet and outlet ducts as well as
mass flow and velocity, as shown in Fig. 1. In a steady fully
developed forced-ventilated flow, the air temperature distribu-
tion across a circular duct exhibits a parabolic shape. Previous
studies have shown that the temperature gradient between the
duct center and the circumference could be up to 2 ◦C in a
150-mm diameter duct [14]. It is obvious that using a single
temperature sensor to measure the bulk temperature will un-
avoidably lead to measurement uncertainty that can easily
exceed the accuracy required. This error is often overlooked.
In practice, there are two approaches available for minimizing
the error. One is adopting multiple temperature sensors in a
grid to find a mean temperature [15], and the other is using a
Fig. 1. Temperature equalizer in a force-ventilated duct.
temperature equalizer to average the fluid temperature at the
temperature measurement point [21]. The latter is used in this
design and is illustrated in detail in Fig. 1.
The temperature equalizer used in this paper comprises an
array of 25-mm diameter cooper tubes welded together to form
a 200-mm diameter honeycomb. This is then connected to a sin-
gle centrally located PT 100 temperature sensor. The purpose
of this equalizer is twofold. First, it divides the main air flow
into many subflows so that the difference in temperature (and
flow rate) across the cross section of the duct is considerably
reduced. Second, by employing high-conductivity copper tubes
and platinum wires, the temperature distribution is equalized.
It is only after the measurement errors in the bulk air tem-
peratures at the inlet and outlet ducts have been significantly
reduced that it becomes possible for the coolant temperatures
to be controlled to 0.01 ◦C of their desired values by both sets
of heaters.
C. Heat Flux Leakage Paths
Three modes of heat transfer, i.e., convection, conduction,
and radiation, are involved in the thermal-dynamic performance
of a calorimeter, as shown in Fig. 2. In general, convection aids
in transmitting the power loss as heat to the coolant medium and
does not cause any heat leakage as long as the box is perfectly
airtight. Conduction is undesired in this case since it creates
heat flux leakage paths through the box boundaries. Radiation
contributes little to heat leakage. However, the use of aluminum
sheets covering the inner surfaces of the box may promote heat
exchange in a slightly favorable way. Heat loss by radiation is
estimated to be negligible and appears in the linearity error of
the calorimeter.
Overall, heat leakage primarily occurs at conductive con-
nections, e.g., the walls, supporting legs, and machine shaft
linkage. The heat leakage through the walls can be minimized
by using high insulation materials and active wall temperature
control [11]. Heat leakage through connection ports can be
overcome by active port temperature control in parallel with
further insulation arrangements [14].
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Fig. 2. Heat transfer in the calorimeter.
D. Repeatability
In addition to accuracy, repeatability is also a key perfor-
mance indicator of any measuring instrument. It is self-evident
to maintain a repeatable testing environment for calorimetric
tests to be successful. In absolute terms, repeatability involves
dismantling and reassembling the calorimeter, putting the same
motor back into the calorimeter, and repeating the same test.
This not only measures the calorimeter repeatability but also
that of the supply system, of the loading system, and of the test
motor loss. The problem is, therefore, split into parts.
Repeatable supply and load systems can reasonably be re-
alized, but repeatability of the power delivered by the test
machine itself is not guaranteed. Oil seals, the grease content
in the bearings, and the changes between tests to the residual
thrust between the two ball bearings that are commonly used to
support the rotors of small commercial machines all give rise to
variation of friction loss.
The ability to identify the power loss in the calorimeter is
largely dictated by the measurement noise. Although averaging
over long time periods can minimize the noise level on the
measurement, it would also lose instant information during a
test and would not remove the long-term drifts arising from
variations of ambient temperature, humidity, and pressure.
IV. DESIGN CONSIDERATIONS
The 30-kW calorimeter is designed to have a maximum
temperature rise of 20 ◦C at a constant mass flow rate of
0.2 kg/s of dry air. The purpose of fixing the mass flow rate
is to ensure that the temperature rise between inlet and outlet
is independent of the air’s pressure and humidity. This capacity
corresponds to a maximum power loss of 4.5 kW, representing
the power loss in a 30-kW motor with the lowest efficiency
of 85%. The calorimeter has internal dimensions of 1.3 m×
0.8 m× 0.8 m (L×W× H), which are suitable for machine
frame sizes of up to motor 250 S. The loading system works
best for machines rated at between 0.75 and 30 kW.
The calorimeter has a low thermal conductivity across the
walls. A sandwich form of 100-mm-thick expanded polystyrene
between two layers of 6-mm-thick aluminum sheet is employed
Fig. 3. Experimental setup of the calorimeter. (a) External view (end and side
walls removed). (b) Internal view.
in the structure. Polystyrene is a reliable and cheap material for
thermal insulation. Aluminum can conveniently be cut, shaped,
and welded. It also has a high mechanical strength and thermal
conductivity. The use of aluminum sheets covering all the
surfaces inside and outside of the enclosure helps to achieve an
isothermal condition on the walls. An additional advantage of
selecting polystyrene and aluminum to construct the enclosure
is their light weight, which potentially reduces the thermal time
constant of the calorimeter.
Fig. 3 shows the experimental setup, and Fig. 4 illustrates
the schematic of the whole calorimetric system. Air is initially
cooled and then fed to a chamber containing the main circula-
tion fan. This feeds through the main heater to a plenum cham-
ber supplying a 4-m-long, 100-mm-diameter tube containing
the high-pressure drop, multiple pipe flow straighteners, and
volume-measuring turbine flowmeter. After flow measurement,
a second plenum chamber collects the air that is then fed
through a fine-tuned heater to the calorimeter.
The test machine is mounted on a steel bedplate supported
by four 50-mm-diameter, 2-mm-thick steel tubes. The tubes are
filled with insulation to prevent convection currents. Tempera-
ture sensors are installed in the tubes just inside and outside of
the calorimeter. A heating arrangement using external heaters
is designed to maintain no more than a 0.1 ◦C temperature
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Fig. 4. Schematic of the 30-kW calorimetric system.
gradient along the supporting legs inside and outside. The
drive shaft is totally enclosed, and the bearing outside the
calorimeter is insulated from the calorimeter wall. Similarly,
it is oil cooled/heated to keep the temperature gradient in the
shaft exit to be within 0.1 ◦C.
The outer walls of the calorimeter are fitted with a further
layer of insulation and temperature-controlled heaters to ensure
as close as possible an isothermal condition. The latter is
achieved by a simple “bang-bang”-type control with ±0.1 ◦C
hysteresis. The temperature over the heated wall is not uniform,
differing by as much as 0.5 ◦C from the mean, but a weighted
integration of the temperature with respect to area over each
wall gives a mean temperature difference of approximately
0.1 ◦C. The outer insulation reduces the power required by
the heaters and, therefore, the temperature gradients in the
interinsulation walls.
The thermal time constant of the calorimeter is estimated to
be 40 min. If the power loss is to be measured to an accuracy
of 0.2%, the operational time for a single test point should be
at least 6.2 times the thermal time constant, which is approxi-
mately 4 h. When a machine is installed inside the calorimeter
for testing, the thermal constant will be altered and the test
duration will be elongated, depending on the machine size.
V. SYSTEM CONTROL
Energy flow control and power calculation are realized on a
control computer via a LabView interface. A screen shot of the
control program is given in Fig. 5. The sensors situated in the
entry port of the calorimeter box measure the air’s humidity,
pressure, temperature, and volumetric flow rate and send these
to the control computer via RS 232 and IEEE 488 interfaces.
The LabView Virtual Instrument is employed to control a
14-bit data acquisition card (DAC) feeding the field controller
of a dc generator, which is driven by an induction motor. PID
control is implemented with digital filtering to enable the input
power to the calorimeter to be defined in the increment of 1 W.
Voltage attenuators and current shunts are calibrated to 0.01%
and 0.02%, respectively.
For a calorimetric system to work best, it is critical to
maintain a steady and repeatable testing environment over
the long test period. This condition includes stable inlet and
ambient temperatures, effective mass flow rate, supply and
loading systems, and measurement instrumentation.
A. Inlet Air Temperature
The inlet air temperature is controlled through two heaters.
The air coolant is initially cooled down to around 12 ◦C using
two refrigeration units and subsequently heated up to approxi-
mately 14.5 ◦C using a main heater (crude) in the first chamber.
Prior to flowing into the calorimeter box, the coolant is further
heated up to 15 ◦C using a fine-tuned heater in the second
chamber. The coolant temperature at the point of measurement
is controlled to be constant within 0.01 ◦C of the set temperature
point (15 ◦C).
B. Air Flow Rate
The air intake fan used to maintain the air flow through the
calorimeter box is driven by a three-phase induction machine
fed by an inverter. The air volumetric flow rate is dynamically
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Fig. 5. Control interface in LabView.
controlled on the control computer to a fixed effective mass flow
rate taking account of the atmospheric change. It is measured
by a turbine flowmeter with a linearity of better than 1%
and a specified repeatability of better than 0.05% within its
calibration range. After careful calibration, the accuracy of the
flowmeter will approximately be 0.05% of the full scale.
C. Supply System
Previous research [9], [14] has suggested that the incoming
50-Hz mains is unable to provide reliable supply for test ma-
chines subject to accuracy measurement. The supply frequency,
voltage magnitude, harmonic distortion, and phase imbalance
all vary with time. Thereby, a separate supply system is de-
veloped to feed the test machines. The supply is produced
by a generator that is mechanically connected to the dc load
machine forming the Ward–Leonard configuration [2]. This
supply is capable of providing a sinusoidal balanced three-
phase voltage waveform of low and unchanging distortion at
a constant frequency of ±0.01 Hz and a constant voltage of
±0.1 V of the respective setpoint.
D. Loading System
The test machine is loaded by a dc machine that delivers its
energy into an alternator and then supplies the test machine.
Active load control using an in-line torque transducer, chopper-
stabilized transducer amplifier, and computer-controlled data
acquisition provides load variation that is controlled to be
within 0.05% of the full range. A range of torque transducers
is employed to maximize the loading performance for each
particular test machine and to enhance the accuracy of torque
measurement.
E. Instrumentation
Instrumentation includes proprietary instruments that are
connected to the computer for control purposes. Two PT
100 temperature sensors are used to measure inlet and out-
let air temperatures. Since PT 100 sensors have a stable
resistance–temperature characteristic over a wide temperature
range, they can offer excellent accuracy in temperature mea-
surement. Even so, four-wire compensation circuits are used
in this paper to overcome the offset error introduced by the
lead resistance. The two sensors are calibrated together at
the same time in a purpose-built computer-controlled calibra-
tion rig. This consists of a temperature-controlled cylindrical
copper block supported in 100-mm thick insulation. Although
absolute errors in temperature may be on the order of 0.02 ◦C,
the differential error is less than 0.01 ◦C. The air tempera-
ture is calibrated to 0.01 ◦C with a resolution of 0.001 ◦C.
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This applies to a particular air flow rate with a temperature
equalizer installed in the duct to obtain a mean bulk air
temperature.
Pressure can be measured to an accuracy of 0.013 kPa with
a resolution of 0.001 kPa, and humidity can be measured to an
accuracy of 3% with a resolution of 0.1%.
F. Repeatability
Repeatability when dismantling and reassembling the
calorimeter is tested using the dc-supplied calibration heater,
which is an accurate and reliable source of power loss. The error
is no more than 2 W between tests within a 2-kW level. For all
the machines under test, repeatability is found to be typically
within 12W after correcting for small variations of input power.
The supply system could be adjusted to give a repeatability of
input power (0.5%), line current (0.5%), and voltage (0.5%).
The noise on the indicated power loss is less than 2 W for
maximum machine rating. This can be reduced to below 0.1 W
when averaging the indicated power loss over 3 h after steady
state is attained.
VI. RESULTS AND DISCUSSIONS
Experimental results are obtained from a complete set of
calibration and standard tests on two induction motors rated at
5.5 and 30 kW.
A. Calibration
The calibration of the calorimeter checks the precision of
the whole system and also detects any shift or error over a
certain period of time. Calibration points for the calorimeter
are obtained using a heater fed with dc and a specially built
power control rig. This dc heater is supplied by a half-controlled
single-phase rectifier unit that is controlled to keep the power
constant to within 1 W of the set power point. The current and
voltage are measured by two Hall effect transducers so that the
power to the heater can be measured to an accuracy of 0.5 W.
The calorimeter is calibrated over power loss points of 10,
500, 1000, 1500, 2000, and 2500 W and checked with the
operating temperature between 20 ◦C and 40 ◦C. At each known
power to the heater, the calorimeter achieves its thermal balance
and indicates a power value. Through fine control of the power
to the heater, a set of measured points is obtained to yield a
calibration curve. Any subsequent power loss calculation for
machine testing is based on curve linearization. Test results
from both heater and calorimeter are presented in Table I. It
is clearly shown in this table that this calorimeter has good
repeatability and linearity.
The overall linearity error is 0.5 W, and the resolution is
0.1 W. With the test machine replacing the heater, the overall
accuracy is measured to be approximately 5.6W on an extended
range of 4.5 kW. This error comprises 1-W calibration uncer-
tainty, 0.5-W linearity error, 2-W repeatability, 2-W calculation
error in air properties, and 0.1-W measurement noise.
The overall performance of the calorimetric system is sum-
marized in Table II.
TABLE I
CALIBRATION RESULTS
TABLE II
PERFORMANCE SUMMARY
B. Machine Testing
Two induction motors are carefully tested in the calorimeter
and on another test rig outside of the calorimeter. Since the
stray load loss in a machine is a sensitive component derived
from subtracting the identifiable losses from the total loss, it
is employed in this paper for comparison between calorimetric
and input–output methods in detecting a small loss change.
Loss segregation complies with IEEE 112 method B. The test
results are plotted in Figs. 6 and 7 for comparison.
Fig. 6 shows a four-pole, 50-Hz, 5.5-kW induction motor,
and Fig. 7 shows a four-pole, 50-Hz, 30-kW motor. A range
of load values including 25%, 50%, 75%, 90%, and 100% is
obtained by the calorimeter along with one or two sets of IEEE
112-B test results, which further extends load points.
Clearly, the two figures show a good agreement on the
stray load loss between calorimetric and IEEE 112-B methods.
The latter is proven to be an accurate method among existing
standards for testing induction motors [19]. From both figures,
it can also be seen that the calorimetric results present a linear
curve shape going through the zero load points, whereas the
IEEE 112-B results give a small degree of curvature and zero
offset. Nevertheless, the slope of the IEEE 112-B curves fitted
by regression analysis is very close to that of calorimetric
results. According to the standard, the stray load loss is then
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Fig. 6. Stray load loss results for the 5.5-kW motor.
Fig. 7. Stray load loss results for the 30-kW motor.
corrected to fit to a specific machine model by removing
the constant offset and applying linearization for stray load
loss. All the correction factors exceed 0.95, and constant zero
offsets are within the accuracy that the instrumentation could
achieve.
Obviously, these test results justify the development of this
calorimeter in terms of detecting a very small loss in the electri-
cal machine. The comparison of calorimetric and IEEE 112-B
methods further confirms the effectiveness of the calorimetric
approach.
VII. CONCLUSION
This paper has described the development of a high-precision
air-cooled calorimeter capable of measuring power loss in elec-
trical machines rated at up to 30 kW (40 hp). The accuracy is ap-
proximately 5.6 W for the full power range of 4.5 kW, while the
calorimeter is initially calibrated to 2.5 kW. During the design
and implementation of the calorimetric system, much attention
has been paid to the accurate measurement of the air’s thermal
properties, the prevention of heat leakage, and the maintenance
of steady and repeatable testing conditions. Careful design of
calorimeter structure and the use of active temperature control
ensure that a thermally insulated enclosure can be achieved with
minimized heat loss. The design of inlet and outlet ducts and
the use of high-precision instrumentation significantly reduce
the errors in temperature measurement. Control strategies using
LabView software enable the control of effective mass flow rate
to be constant over a long period of time. Experimental results
from calibration and standard machine tests clearly confirm the
calorimeter’s capacity of detecting a very small power loss to
a very high degree of accuracy. Owing to its high precision,
this calorimeter has potential for the investigation of stray load
and harmonic losses, thus enabling higher efficiency machines
and power electronic devices to be developed, refined, and
validated.
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